The growth mechanisms of three-dimensionally (3D) faceted InGaN quantum wells (QWs) on (1122) GaN substrates are discussed. The structure is composed of (1122), {1101}, and {1100} planes, and the cross sectional shape is similar to that of 3D QWs on (0001). However, the 3D QWs on (1122) and (0001) show quite different inter-facet variation of In compositions. To clarify this observation, the local thicknesses of constituent InN and GaN on the 3D GaN are fitted with a formula derived from the diffusion equation. It is suggested that the difference in the In incorporation efficiency of each crystallographic plane strongly affects the surface In adatom migration.
Introduction
Semiconductor microstructures are expected to play an important role in the next generation light emitters. For example, three-dimensionally (3D) faceted InGaN quantum wells (QWs) have received increasing attention due to the following reasons. The In composition and InGaN thickness are facet-dependent, which results in the polychromatic emission, including white [1] - [6] . Furthermore, the emission spectra can be tuned via structure control [2] , and the 3D structure can enhance the light extraction efficiency [6] . These characteristics may lead to the efficient emission of arbitrary spectra without phosphors. Toward this goal, it is indispensable to identify the crystal growth mechanisms in 3D faceted QWs. Figure 1 shows schematics of 3D InGaN QWs on (a) (0001) and (b) (1122), and (c) their typical luminescence spectra. To date, 3D QWs are usually fabricated on the (0001) plane [1] - [6] , and are composed of, for example, (0001), {1122}. and {1120} facets [ Fig. 1 (a) ]. The emission wavelengths vary in the order of top (0001) > inclined {1122} > side {1120} mainly due to the In spatial distribution. One remarkable feature of this type of 3D QWs is that the efficiency of the longest wavelength emission tends to be low because the polar (0001) plane, where the optical transition probability is low due to the strain-induced piezoelectric fields [7] , [8] , is responsible for the longest wavelength emission. On the other hand, the recently developed 3D QWs on (1122) are composed of (1122), {1101}, and {1100} As expected, it has experimentally been demonstrated that all the facet QWs exhibit quite short radiative lifetimes. For the 3D QWs on (0001), the aforementioned facetdependence of the emission wavelength (i.e. In composition) has been attributed to active In adatom migration from the inclined {1122} to top (0001) facets [10] . In contrast, the emission wavelengths from the 3D QWs on (1122) are in the order of inclined {1101} > top (1122) > side {1100} [9] . Because both 3D QWs have similar trapezoidal cross sections, the observed difference indicates the presence of an unknown factor in addition to adatom migration. In this study, we discuss the growth mechanism that determines the inter-facet variation of the emission properties, comparing the 3D QWs on (1122) with those on (0001). We demonstrate that the In incorporation efficiency into each facet plays an important role.
Experimental Procedures
The 3D QWs on (1122) and the reference 3D QWs on (0001) were created on SiO 2 -mask-patterned (1122) and (0001) GaN, respectively, by metalorganic vapor phase epitaxy. The corresponding details of the growth conditions were described in Refs. [2] and [9] . The QW local structural properties were assessed by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS). The experimental results were analyzed using the diffusion equation with consideration of the In incorporation efficiency.
Copyright c 2018 The Institute of Electronics, Information and Communication Engineers . For the 3D QWs on (1122), the well thickness distribution is similar to that of the 3D QWs on (0001). However, the QW with the highest In composition is formed on the inclined (1101) facet, and the In composition (∼23%) is much higher than that (∼15%) of the top (1122) facet. As a result, the longest-wavelength emission relies on the inclined {1101} facet, which is also supported by the transition energy calculations [9] .
To further discuss the inter-facet variation of In compositions, the effective GaN and InN thickness distributions in Figs. 2 (b) and 2 (d) are compared. In general, a film thickness d should be proportional to a growth rate v. Moreover, the growth rate can be approximated as v ∝ kJ, where k and J are incorporation efficiency and the sum of fluxes of atoms from the gas phase and adatoms migrating on the surface, respectively. Thus, higher k and/or J result in a thicker film. For the 3D QWs on (0001) [ Fig. 2 (b) ], GaN and InN thicknesses increase from the inclined (1122) to the top (0001) facets. This was attributed to the active Ga and In adatom migration from the inclined (1122) to the top (0001) facets. Furthermore, more active In adatom migration, which can read from the thickness ratio between the (0001) and (1122) facets, leads to the In-rich QWs on the top (0001) facet. That is, the GaN and InN thicknesses in the 3D QWs on (0001) are chiefly determined by the mass transport (J). Meanwhile, for the 3D QWs on (1122) [ Fig. 2 (d) ], the GaN thickness distribution exhibits a trend similar to that of the 3D QWs on (0001), which means that the GaN thickness also depends on the mass transport. However, the InN thickness slightly decreases from the inclined (1101) to the top (1122) facets, which suggests that the InN thickness in the 3D QWs on (1122) depends not only on the mass transport (J) but also on the facet-dependent In incorporation efficiency (k).
Multiple papers reported In compositions of InGaN QWs grown on differently oriented substrates [11] - [13] . Our experiments showed that In compositions of the (0001), ±(1122), and ±(1101) planar QWs under the same growth condition as the 3D QWs are as follows: 26.9% for (1101) > 23.6% for (1101) > 18.4% for (1122) > 10.8% for (1122) > 8.9% for (0001) [9] . For the 3D QWs on (0001), the top (0001) facet QWs have a higher In composition than the inclined (1122) facet QWs, in spite of the lower In incorporation efficiency. This observation is consistent with the active In adatom migration from the inclined (1122) to the top (0001) facets, which suggests that the higher In incorporation efficiency of the (1122) plane is hindered by such active In adatom migration. On the other hand, the In compositions of the (1122) and (1101) facet QWs in the 3D QWs on (1122) have a tendency similar to those of each planar QWs. Here, it should be noted that the (1101) plane shows a significantly higher In composition, which is presumed to promote efficient incorporation of In adatoms and suppress the In adatom migration to the top (1122) facet. As a result, the InN thickness of the inclined (1101) facet becomes slightly thicker than that of the top (1122) facet [ Fig. 2 (d) ].
Diffusion Equation Analyses
To support the above assertion, diffusion equation analyses were performed. Figure 3 (a) shows a cross-sectional SEM image and the definitions of the coordinates. The 3D structure was grown on a mask pattern with a larger window width than that in Fig. 2 (c) to appropriately estimate the adatom diffusion length on the top (1122) facet. The local InGaN thickness and In compositions were estimated by SEM and EDS equipped to the SEM in the same manner as Fig. 2 (b) . The estimated local thickness of GaN and InN on both (1122) and (1101) facets were plotted in Figs. 3 (b) and 3 (c), respectively. These thickness distributions were fitted based on the diffusion equation. The detailed analysis pro- cedure can be found in Ref. [10] . For Ga, the estimated surface diffusion lengths, λ Note that higher growth temperatures generally shorten diffusion lengths by promoting evaporation, while activating migration. Therefore, a shorter diffusion length suggests more active migration. For the 3D QWs on (0001), the Ga diffusion length on the top (0001) facet was 5.2 μm, while that on the inclined (1122) facet was 3.1 μm [10] . This trend is quite similar to the present observation, which suggests that Ga adatoms behave similarly on both the 3D QWs. On the other hand, the In diffusion lengths show the opposite tendency between the 3D QWs on (0001) and (1122); on (0001), those were 2.7 μm on the top facet and 1.6 μm on the inclined facet [10] , which suggests more drastic migration on the inclined {1122} facets. Such active In adatom migration overcomes the higher In incorporation efficiency of the (1122) plane, resulting in a lower In composition. On the other hand, for the 3D QWs on (1122), the much longer In diffusion length on the inclined (1101) than that on the top (1122) means passive In adatom migration on the inclined {1101} facets most likely due to the higher In incorporation efficiency. These findings are consistent with the above-mentioned assertion.
Inter-facet variation of the In composition affected by In incorporation efficiencies is also found in Ref. [5] . The inversed pyramids composed of closely neighboring {1101} and {1122} facet QWs provide facet-dependent polychromatic emission; the emission wavelength of the {1101} facet QWs is 20 nm longer than the {1122} facet QWs. This tendency can be explained by a similar scenario based on the higher In incorporation efficiency of the (1101) plane.
A Model Calculation of Mass Transport under the Influence of In Incorporation
In this section, we propose a simple model based on the one- dimensional inter-facet surface migration. In this model, the flux of adatoms migrating from the inclined to top facet J m is assumed to be influenced by the atom incorporation efficiency into the solid phase. The atom incorporation efficiency of each crystallographic plane is described in Sect. 3. Figure 4 schematically shows this model, where parameters on the top and inclined planes are represented as subscripts, while those on the planar and facet QWs are designated by superscripts. From the relationship d ∝ v ∝ kJ, we obtain
The incorporation ratio, k top /k inclined , is equal to the film thickness ratio of planar QWs grown along the corresponding directions under the same condition, that is, d 
On the inclined facet, the flux from the gas phase becomes J cos θ due to the geometrical configuration, where θ is the angle between the top and inclined facets. In addition, adatoms are assumed to migrate from the inclined to top facet with a flux of J m . Thus, the total flux on the inclined facet is expressed as J cos θ − J m . Noting that J m (as well as J) is defined as an area density, the flux into the top facet can be expressed as
where L top and L inclined are the facet widths of the 3D structures. Therefore, we obtain
The assumptions in this model are as follows: (1) only the half of the top facet (width of L top /2) is considered due to the structural symmetry, (2) J m is constant on the entire area of the inclined facet, and (3) adatom diffusion to/from the [9] . For the 3D structures, the thicknesses were evaluated from Figs. 2 (b) and 2 (d), as summarized in Table 1 . Using these values with Eq. (3), the normalized flux J m /J is calculated to be +0.09 for GaN and +0.37 for InN in the 3D QWs on (0001), which means that surface In adatoms more drastically migrate from the inclined to top facets than Ga adatoms. On the other hand, for the 3D QWs on (1122), J m /J is −0.09 for GaN and +0.08 for InN. It is noteworthy that J m /J for InN in the 3D QWs on (1122) is much smaller than that in 3D QWs on (0001), which indicates that less In adatoms migrate from the inclined to top facets. This trend well agrees with the above discussion. Although the surface diffusion direction of Ga adatoms in the 3D QWs on (1122) is inconsistent with the diffusion equation analyses, J m /J for GaN is relatively small, and it may be affected by the assumptions in our model.
Conclusions
Polar-plane-free, faceted InGaN QWs grown on the semipolar (1122) plane was compared with the 3D QWs on (0001). It was found that inter-facet variation of effective InN thickness is quite different between them. This observation is interpreted as an influence of the crystallographic orientation dependence of the In incorporation efficiency. The inclined (1101) in the 3D QWs on (1122) has significantly higher In incorporation efficiency, resulting in the suppression of surface In adatom migration. The weakened In adatom diffusion on the inclined (1101) is also suggested from both the diffusion equation analyses and the simplified model calculation. Such growth behavior causes the different emissionwavelength distribution between the 3D QWs on (0001) and (1122).
